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I. INTRODUCTION
Ceramic-based gain media offer several advantages over their single-crystalline counterparts in laser applications requiring very high powers, good beam quality, and large apertures. [1] [2] [3] [4] Such potential has recently been demonstrated in a 100 kW-class laser using diode pumped 10 Â 10 cm Nd:YAG ceramic slabs with near 20% efficiency and high beam quality. 5, 6 These high power applications place stringent demands on the ceramic fabrication process to keep the host absorption levels to a minimum and prevent heating and photo-induced damage by solarization or photodarkening. 7, 8 Numerous studies have been devoted to the characterization of optical absorption bands in YAG single crystals and ceramics, which revealed their interdependence with the phonon spectrum of the host lattice [9] [10] [11] and various point defects such as cation impurities (e.g., Fe (Refs. 12 and 23) and Mn (Refs. 13 and 14)), hydroxyl groups, 15 and oxygen vacancies. 16, 17 The corresponding color center bleaching methods such as air annealing for transition ions and reactively atmosphere processing for hydroxyl groups were proposed and validated, while other intrinsic defects still remain. The intentional use of aliovalent Si doping, up 0.2 mol. %, as a sintering aid for the fabrication of YAG transparent ceramics has, therefore, raised concerns on its potentially deleterious effect on the host absorption. While in a recent study, Stevenson et al. 18 did not observe any Si-induced color centers using spectrophotometry, Yagi et al. 19 hypothesized that Si-induced charge compensation was the cause of ceramic solarization observed under flash-lamp pumping.
In this paper, we describe the use of photothermal common-path interferometry (PCI), [20] [21] [22] [23] a highly sensitive technique, to measure absorption levels as low as several ppm/cm at 1 lm in transparent ceramics and single crystals of YAG and to investigate a possible correlation between the presence of chemical impurities and their absorption properties.
II. EXPERIMENTS
In this work, highly sensitive 1 lm absorption losses are measured by (PCI). This technique optically probes a modulated thermal lensing produced by a 3 W Nd:YAG laser, emitting at 1 lm, and being focused down to a 40 lm-spot in the bulk of a sample. 22, 23 The sensitivity, spatial resolution, and linearity of this technique are determined by the proper choice of pump power and spot size. Sensitivities on the order of 1 ppm/cm surpass the typical performance of standard spectrophotometers by 4 orders of magnitude, and highly localized measurements enable 3D absorption mapping within the entire sample volume. By monitoring the phase lag between the pump and the probe signal, the absorption measurement can also be made independent of scattering in samples containing small numbers of scattering centers. Complementary absorption studies between 200 nm and 2 lm have been carried out with a Cary 500i UV-Vis spectrophotometer (Varian, Inc., CA). Chemical trace analysis on 27 potential impurity elements (Na, Mg, Si, P, K, Ga, V, Cr, Mn, Fe, Co, Ni, Cu, Sr, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) was conducted by glow-discharge massspectroscopy (GDMS) with detection limits down to the ppb level (Evans Analytical Group, NY).
III. SAMPLE PREPARATION
The 20 undoped and 1 at. % Nd doped cm-size transparent YAG ceramic samples used in this study were either obtained from commercial sources including Konoshima chemical Co. Ltd., World Lab. Co. Ltd., and Covalent Materials Co. or fabricated in our laboratory following a fabrication process described in Ref. Because the conditions used for the sintering of ceramics and the growth of single-crystals lead to oxygendeficient YAG, absorption levels and absorption profiles are highly sample-dependent and inhomogeneous within the sample volumes. As an example, Fig. 1(a) shows the typical absorption profile of a ceramic sample measured by PCI before annealing. The local absorption coefficient varies, on a centimeter scale, between 1000 and 10 000 ppm/cm, following a pattern consistent with the diffusion of oxygen vacancies ( Fig. 1(b) ). The optical absorption homogenizes after air-annealing at 1200 C for 5 days, under which conditions are sufficient to in-diffuse oxygen fully in cm-size samples. 14 The optical absorption drops below the detection limit of most spectrophotometers 18 and equilibrates at values ranging from a few ppm/cm to a couple of thousands ppm/ cm depending on the sample. For the sake of our investigation and to allow for sample-to-sample comparisons, all samples measured in this work were heat-treated at 1200 C for 5 days. Figure 2 shows the thermalized absorption coefficients at 1 lm of undoped and Nd doped YAG ceramics and single crystals measured by the PCI technique. The absorption coefficient of YAG ceramics varies in a range of 100 to 8000 ppm/cm, which is typically one order of magnitude higher than that of YAG single-crystals (SC). In this study, the lowest absorption coefficient measured in ceramics was comparable to that measured in typical YAG single crystals. In the limited set of samples investigated here, it is worth noting that reactively sintered 1 ceramics (C RS ), including doped and undoped samples typically have higher thermalized absorption than non-reactively sintered 25 ceramics (C NRS ). 3 . In-line transmittance measurement from 1.2 to 3.1 eV (1 lm to 400 nm) of a ceramic sample. Blue and red lines represent measured and fitted spectra, respectively. The equally spaced bands 1.5 eV, 2.1 eV, and 2.7 eV are fitted using a bound polaron model. Similarly to what other investigators have measured, 26, 27 we found that Si was the main impurity with concentrations ranging from 1 to 240 wt. ppm. Si concentration in ceramics is typically higher than in single-crystals due to intentional Si-doping, introduced in the form of SiO 2 or tetraethyl orthosilicate to promote ceramic densification. 1 In a separate study, we found that for reactively sintered ceramics, about 60 mol. % of the Si initially introduced had evaporated in the form of SiO x (x < 2) after vacuum sintering at 1750 C for 20 h. For this reason, and contrary to other work, 18 we have chosen to measure the silicon content after sintering. The levels of the other contaminants, such as calcium, transition metal, and rare-earth elements are believed to originate from impure starting powders and cross-contamination during sample preparation. Within the sample set investigated, only three ceramic samples exhibited high levels of silicon and calcium, while the rest of the samples had calcium concentrations below 10 mol. ppm. Fig. 4 shows that the 1 lm absorption coefficient strongly correlates with the Si concentration. No correlation was found with other trace contaminants such as Cr which were also considered to produce absorption at 1 lm. Given the absorption cross section of Cr 4þ at 1 lm (5 Â 10 À18 cm 2 ) 29 and typical 2% fraction of Cr 4þ in balance with Cr 3þ after annealing, the measured Cr content could only count for 1/10 of the total absorption. Si therefore appears as the most likely origin of the observed F A centers (V o þ ) in this oxidized YAG sample set.
IV. RESULTS AND DISCUSSIONS
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It is worth considering the interdependence of Si content and 1 lm absorption in two sample subsets: (1) . In the former case, a linear relation between the absorption, a, and the concentration of Si is observed in the range of 100 to 4000 mol. ppm
where k Si is the fitted empirical constant. An extrapolation of the trend observed in Fig. 4 suggests that, at low Si concentrations, the absorption in ceramics and single crystals does not vanish and reaches a minimum value a 0 of about 50 ppm/cm, controlled by the overall extrinsic and intrinsic defects. For the Ca-and Si-rich ceramic samples, a similar linear dependence with a positive offset, Da, is drawn:
The increased absorption level can only be explained by an independent contribution of dilute Si and Ca, since charge compensation between these two ions when neighboring 36 would create fewer color centers and therefore decrease absorption. Because of identical Ca concentration levels in the Ca-rich samples subset, the value Da ¼ k Ca Á[Ca] is constant within this lot and the trend given by Eq. (1) is preserved. In fact, color centers associated with Ca impurities have been shown to produce absorption bands in the near UV that tail off around 700 nm. 28 Based on these findings, only a limited absorption caused by Ca-induced color centers might indeed extend into the 1 lm region.
Kuklja et al. 30 however showed that, contrary to the case with monovalent and divalent impurities (Eq. (2)), the energetics of Si 4þ -induced point defects in YAG do not favor the formation of oxygen vacancies 
In a separate work by Fagundes et al., 31 oxygen vacancies were found to charge-compensate divalent Si 2þ in reduced Si:YAG. To explain the occurrence of color centers in our samples and the trend shown in Fig. 4 , we propose that oxygen vacancies induced by divalent Si 2þ remain in the samples even after long air-annealing at 1200 C. The small Si 4þ ions (0.41 Å ) are thought to occupy the tetrahedral sites of the YAG lattice, whereas the larger Si 2þ ions (0.9 Å ) 32 are presumed to occupy the octahedral Al sites. Thus, the incorporation of Si would not only rely on a redox mechanism but also on a Si site exchange as expressed by the equilibrium 
which can be modeled by a bound polaron as described earlier. Therefore, the equilibrium constant of Eq. (4) ] concentration can be approximated by the total amount of Si. Equation (6) can be simplified to
which predicts a linear relationship between the optical absorption and the Si impurity content of the material. 
In this formula, K and W are the respective maximum and FWHM of the polaron absorption band, and n and f 0 are the material refractive index and oscillator strength for the corresponding absorption transition. The highest F A center concentration obtained through this method is on the order of 10 13 cm
À3
, that is 6 orders of magnitude smaller than the total Si concentration.
Finally, Le Chateliers' principle applied to Eq. (4) suggests that lower concentrations of Si 2þ can be achieved by using higher oxygen partial pressures and lower annealing temperatures. Thus, to minimize absorption at 1 lm, the annealing temperature should be reasonably adjusted to balance the effect between low concentrations of Si 2þ and removal of pre-existing oxygen vacancies.
V. CONCLUSION
The presence of impurities in laser materials often leads to undesired absorption bands, which degrades laser efficiency. A fundamental understanding of the origins of these defects is essential for laser materials development and power scaling. In this work, we have specifically investigated the relationship between the impurity content and absorption at the 1 lm emission wavelength of Nd:YAG in 40 undoped and Nd-doped YAG ceramics and single crystals. The broad nature and origins of the samples provided for a wide range of Si and Ca impurity concentrations (0.5 to 200 ppm wt.) as well as widely spread absorption levels (20 to 8000 ppm/cm). The absorption coefficient at 1 lm was found to scale linearly with the Si content. Additional absorption spectroscopy confirmed that Si impurities stabilize electrons near oxygen vacancies and form bound polarons. We propose that, under typical air annealing conditions, the presence of stable divalent Si 2þ , in equilibrium with its tetravalent form, is responsible for the formation of F A color centers and leads to bulk absorption in the near infrared. Our present understanding suggests that this equilibrium will shift towards the formation of decreased amounts of Si 2þ at high oxygen partial pressures and reasonable low annealing temperatures. Alternative approaches to lowering the absorption coefficient will seek to minimize the amount of Si introduced as a sintering aid in transparent polycrystalline YAG for laser application at 1 lm or to consider the use of isovalent additives such as boron. In either case, additional work will still be necessary to validate this proposed mechanism on both experimental and defect-modeling grounds.
